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Abstract The Southern Annular Mode (SAM) is the dominant mode of climate variability in the
Southern Ocean, but only a few observational studies have linked variability in SAM to changes in ocean
circulation. Atmospheric potential oxygen (APO) combines atmospheric O2/N2 and CO2 data to mask the
influence of terrestrial exchanges, yielding a tracer that is sensitive mainly to ocean circulation and
biogeochemistry. We show that observed wintertime anomalies of APO are significantly correlated to SAM
in 25‐ to 30‐year time series at three Southern Hemisphere sites, while CO2 anomalies are also weakly
correlated. We find additional correlations between SAM and O2 air‐sea fluxes in austral winter inferred
from both an atmospheric inversion of observed APO and a forced ocean biogeochemistry model simulation.
The model results indicate that the correlation with SAM is mechanistically linked to stronger wind speeds
and upwelling, which brings oxygen‐depleted deep waters to the surface.

Plain Language Summary The Southern Annular Mode (SAM) is characterized by variability in
the strength of the westerly winds that encircle Antarctica. A more positive SAM index is associated with
stronger westerly winds over the ocean at about 60°S latitude. Previous studies based mostly on model
simulations have suggested that a positive SAM index is also associated with enhanced upwelling of
carbon‐rich waters in the Southern Ocean, which influences the uptake and/or release of carbon dioxide to
the atmosphere. The same deep waters that have high carbon also have low concentrations of dissolved
oxygen, which can cause subtle variations in atmospheric oxygen levels measured at surface stations. We
present an analysis of data sets from three SouthernHemisphere stationswhere air samples have been collected
for 25–30 years. We find that during the Southern Hemisphere winter, anomalies in the atmospheric oxygen
record are correlated to the SAM index; we find weaker correlations between anomalies in atmospheric
carbon dioxide and the SAM index. These results are consistent with variability in air‐sea oxygen fluxes from a
model simulation. The model results indicate that the observed relationship between SAM and air‐sea oxygen
fluxes is due to both stronger wind speeds and increased upwelling of oxygen‐depleted deep waters.

1. Introduction

The Southern Ocean is a key element of the global climate system (Rintoul, 2018; Sigman et al., 2010). First,
it drives the global thermohaline circulation by circumpolar wind‐driven upwelling (Marshall & Speer,
2012) and contributes to deep water formation (Haine et al., 1998; Orsi et al., 1999). Second, it supplies
macronutrients to the thermocline of the lower latitudes (Moore et al., 2018; Sarmiento et al., 2004)
representing an important control on biological productivity of the global oceans. Third, it absorbs ~40%
of atmospheric CO2 of anthropogenic origin (Gruber et al., 2019) mitigating the warming effect caused by
CO2 due to fossil fuel emissions. Understanding how the Southern Ocean will respond to ongoing anthropo-
genic perturbations is critical for predicting Earth's future climate over the next century and beyond.

Variations in both physical and biogeochemical processes in the Southern Ocean are influenced at interann-
ual to decadal time scales by the changes in wind stress intensity associated with variability in the Southern
Annular Mode (SAM; Thompson & Solomon, 2002). When the SAM is in a positive (negative) phase,
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westerly winds circling Antarctica intensify (weaken) with the greatest anomalies occurring at approxi-
mately 60°S (Thompson & Solomon, 2002). Studies relyingmostly on ocean physical‐biogeochemical models
suggest that periods of positive SAM index are also associated with increased wind‐driven upwelling of
carbon‐rich deep water to the surface, leading to a weakening of net uptake of CO2 from the atmosphere
(Hauck et al., 2013; Le Quéré et al., 2007; Lovenduski et al., 2007).

Recent literature has shown that interannual variability in air‐sea CO2 exchange is marked by contrasting
changes in the atmosphere and ocean in different sectors of the Southern Ocean, indicating that the relation-
ship between the SAM index and CO2 upwelling may be more complex than previously thought (e.g.,
Landschützer et al., 2015; Gray et al., 2018; DeVries et al., 2017; Landschützer et al., 2019; Keppler &
Landschützer, 2019). This literature highlights a debate about the magnitude, drivingmechanisms, and even
the sign of air‐sea CO2 fluxes in the Southern Ocean. One reason for the debate is the sparse observational
network for carbon (and oxygen) measurements in the Southern Ocean (e.g., Bakker et al., 2016; Hauri et al.,
2015; Munro et al., 2015). Ship‐based observations of the partial pressure of CO2 (pCO2) are particularly lack-
ing during winter. While year‐round pCO2 estimates based on new float‐based measurements recently have
become available, these have higher uncertainty than ship‐based observations (Gray et al., 2018; Williams
et al., 2017).

Studies of O2 can provide an important test of our understanding of SAM impacts on the Southern Ocean.
Deep waters that are rich in CO2 are also deficient in dissolved O2. Therefore, the weakening of CO2 uptake
associated with positive SAM is expected to be associated with strengthening of O2 uptake from the atmo-
sphere. The air‐sea O2 fluxes at high latitudes are known to be highly seasonal, with O2 ingassing in winter
and outgassing in summer (Garcia & Keeling, 2001; Manizza et al., 2012). We thus may expect the strongest
SAM impacts to occur in winter, when wind‐driven upwelling and surface cooling reach their peak, bringing
the most O2‐deficient waters to the surface. However, despite some progress in tracking changes in Southern
Ocean dissolved O2 (Bushinsky et al., 2017), the historical coverage in dissolved O2 measurements, as with
ocean pCO2, is still too sparse to reliably resolve SAM signals.

Long‐term, continuous measurements of atmospheric CO2 and O2 provide an alternative perspective on
seasonal and interannual variability in ocean biogeochemistry. Atmospheric O2 and CO2 have been mea-
sured for 25 to 30 years at several surface monitoring sites in the Southern Ocean. They can be combined
to define a unique tracer, atmospheric potential oxygen (APO ~ O2/N2 + 1.1 CO2), where 1.1 is the
approximate O2:C ratio from land photosynthesis (Severinghaus, 1995). By design, APO largely removes
the influence of terrestrial photosynthesis and respiration, which produce effects on O2 and CO2 that
cancel in APO. Fossil fuel combustion typically has a larger (~1.4) O2:C ratio and therefore produces
changes in O2 and CO2 that do not fully cancel and effectively deplete APO (Stephens et al., 1998).
APO data have revealed both a long‐term decreasing secular trend, the result of fossil fuel combustion
and ocean uptake of anthropogenic CO2, and annually repeating seasonal cycles, which are largest at
middle to high latitudes (Battle et al., 2006; Bender et al., 2005; Keeling et al., 1996). These seasonal
cycles are driven mainly by the influence of spring/summer outgassing of O2 due to photosynthetic
production in the surface ocean, followed by O2 ingassing due to fall/winter ventilation of O2‐depleted
subsurface waters. In contrast, the corresponding air‐sea exchange of CO2 generally has much weaker
seasonality due to the buffering chemistry of CO2 in seawater (Keeling et al., 1993). Thus, on seasonal
and shorter time scales, over which the atmosphere is zonally well mixed, APO data provide a broad‐
scale, regionally integrated metric of oceanic O2 gains or losses. Subtle changes in the shape and ampli-
tude of the APO seasonal cycle offer a means of detecting and evaluating interannual variability in ocean
circulation and biogeochemistry.

In this paper, we use APO to assess the role of climate variability in Southern Ocean ventilation.We examine
interannual anomalies in APO and CO2 and their correlation to SAM at several long‐term monitoring sites
in the Southern Hemisphere. We also examine correlations between SAM and the air‐sea fluxes of oxygen
inferred from an atmospheric inversion of observed APO and predicted by a forced ocean biogeochemistry
model simulation. We use the model to explore the mechanisms driving the observed correlations, including
higher wind speeds and corresponding stronger wind stress associated with positive SAM, as well as stronger
upwelling, which brings more O2‐depleted deep water to the surface.
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2. Materials and Methods
2.1. APO and CO2 Data

Atmospheric O2/N2 and CO2 data from three long‐term surface monitoring sites in the Scripps Institution of
Oceanography (SIO) network, South Pole (90°S, 24.8°W), Palmer Station, Antarctica (64.9°W, 64.0°W), and
Cape Grim, Tasmania (40.7°S, 144.7°E), are available from the early 1990s to mid‐1990s, depending on the
site (Keeling et al., 1996; Manning &Keeling, 2006). Cryogenically dried samples are collected at 1‐ to 2‐week
intervals at 1‐atm pressure in triplicate in 5‐L glass flasks sealed with Viton O‐rings. Our analysis relies
on measurements of O2/N2 ratio and CO2 mole fraction in these flasks, measured on an interferometric
O2/N2 analyzer and a Siemens nondispersive infrared CO2 analyzer, respectively. We define the APO tracer
according to

APO ¼ δ O2=N2ð Þ þ 1:1
Xo2

CO2; (1)

where δ(O2/N2) is the relative deviation in the O2/N2 ratio from a reference ratio in per meg units, XO2 =
0.2094 is the O2 mole fraction of dry air (Stephens et al., 1998), CO2 is the mole fraction of carbon dioxide
in parts per million (μmol mol−1), and 1.1 is a representative O2:C ratio of terrestrial respiration and photo-
synthesis (Severinghaus, 1995).

2.2. Analysis of Seasonal Anomalies

To compute seasonal anomalies for APO and CO2 time series we followed a multistep process to account for
the irregularity of sampling and remove both the seasonal cycle and long‐term trend. First, monthly mean
APO and CO2 time series were computed from the raw quasi‐fortnightly time series (Figure S1 in the
supporting information). The entire original time series was fit with a third‐order polynomial plus first
four‐harmonic curve (Thoning et al., 1989). Following Hamme and Keeling (2008), monthly averages were
determined by adjusting each APO and CO2 data point to the 15th of its month by “sliding” it parallel to the
polynomial and four‐harmonic fit; the average for the month was computed (i.e., in months with more than
one measurement, the average was taken of all adjusted mid‐month data points). This approach yielded
similar results to using the simple monthly mean of all data points collected in a given month and year.
The adjusted monthly mean data were detrended with a third‐order polynomial. A climatological seasonal
cycle with monthly resolution was constructed by taking the average of the detrended data for all Januaries,
Februaries, etc. The climatological cycle was subtracted from the original raw data to produce a deseasona-
lized but not detrended curve. A running annual mean (effectively a 13‐month running mean centered on
the month of interest) then was computed for the purpose of removing the secular trend and other low‐
frequency variability. At stations with gaps in the monthly data, the original third‐order polynomial fit
was used as a placeholder in the running mean. The running mean was subtracted from the deseasonalized
curve to isolate the residual high‐frequency anomalies. These high‐frequency residuals were sorted by
month and plotted against smoothed SAM anomalies from http://www.cpc.ncep.noaa.gov/ from the corre-
sponding month and year. A 4‐month filter (effectively a 5‐month running mean centered on the month of
interest) was applied to the SAM anomalies for the purpose of smoothing out their strong month‐to‐month
variability. For each month, a least‐squares linear regression was performed on the APO or CO2 monthly
residual versus SAM scatterplots. The different steps of this methodology are illustrated for the APO time
series at Palmer Station in Figures S1 and S2. The correlations coefficients and p values were computed in
MATLAB with the assumption that a p value < 0.05 was statistically significant at the 95% confidence level
while a p value < 0.1 was marginally significant at the 90% confidence level. Various sensitivity tests were
performed, including lagging the SAM index several months before and after the APO and CO2 anomalies
and using variable time lengths of both the APO low‐pass filter and the SAM smoother.

2.3. Air‐Sea O2 and CO2 Fluxes

The same methodology described in section 2.2 was used to compute monthly high‐frequency residuals for
(a) estimated air‐sea APO fluxes from an atmospheric inversion of SIO APO data (Rödenbeck et al., 2008)
and (b) monthly mean air‐sea O2 and CO2 fluxes from an ocean‐sea ice “hindcast” simulation of the
Community Earth SystemModel (CESM). For all these fields, the monthly mean fluxes were integrated zon-
ally over 40–60°S and regressed against smoothed monthly SAM anomalies using MATLAB software.
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Correlations with p< 0.05 were considered significant (95% confidence level), while correlations with p< 0.1
were considered marginally significant (90% confidence level).

Sea‐air APO fluxes (referred to as fAPO or the Jena inversion fluxes) were estimated from time series of mea-
sured APO at seven atmospheric stations of the world‐wide SIO network (update of Manning & Keeling,
2006) using an inversion of atmospheric transport (Jena CarboScope run apo97_v1.6, https://www.bgc‐
jena.mpg.de/CarboScope/, update of Rödenbeck et al., 2008). The inversion determines the spatiotemporal
APO flux field that leads to the best match between APO simulated by an atmospheric transport model (dri-
ven by reanalyzed meteorological fields) and the APO measurements. Bayesian a priori constraints are used
to regularize the estimation, which otherwise would be highly underdetermined. These a priori constraints
guide seasonal APO flux variability toward areas of larger seasonal cycles in the Garcia and Keeling (2001)
oxygen flux climatology but allow interannual variations equally in any part of the ocean.

The CESM fields are referred to as fO2 and fCO2 and are air‐sea fluxes (not atmospheric mixing ratios) from a
hindcast simulation forced with observed and reanalyzed momentum, heat, and freshwater fluxes from
1979–2017 (Lovenduski et al., 2019; Yeager et al., 2018) (we note that previous work, which used an atmo-
spheric transport model to convert CESM air‐sea fluxes into APO fields, found good agreement between
modeled and observed APO seasonal cycles over the Southern Ocean [Nevison et al., 2016]). The CESM
ocean model resolution on its native off‐polar grid was ~1° latitude by 1.125° longitude, with 60 depth levels
including 10‐m depth resolution in the upper ocean. The native fields were interpolated to a regular 1° × 1°
latitude/longitude grid using Climate Data Operators freeware (https://code.zmaw.de/projects/cdo). In
addition to the 40–60°S zonal integrals described above, spatially variable (i.e., resolved at each model grid
point) regressions against monthly SAM anomalies were calculated using NCAR Command Language
(NCL) software (https://www.ncl.ucar.edu/). Statistical significance was estimated by comparing the NCL
correlation coefficients to critical R values determined from a t table (Sokal & Rohlf, 1981). For the 39‐year
model run (N – 2 = 37), Rcrit = 0.315 (95% confidence level) and 0.267 (90% confidence level).

2.4. Analysis of Forcing Mechanisms Using CESM Output

Mechanistic forcing of interannual variability in fO2 was investigated using CESM by separating the contri-
butions due to variability in the piston velocity (K) and the saturation state of dissolved O2 (i.e., O2 − O2sat),
which together determine fO2:

fO2 ¼ K O2–O2sat½ � ¼ K½O2–O2sat� þ K O2−O2sat½ � þ residual; (2)

where the horizontal bar indicates the mean climatological seasonal cycle and K½O2–O2sat� and K O2−O2sat½ �
are the fO2 fluxes for which interannual variability is determined only by the [O2−O2sat] or K terms, respec-
tively. The correlations of the separated fO2 terms versus SAM were computed as described 2.3 below in
order to estimate the relative contribution of each term in driving the correlation.

3. Results

We find that the August APO anomaly at Palmer Station is negatively correlated (R= 0.57, p= 0.01) with the
SAM index (Figure 1). At Palmer Station, a significant negative correlation is also found for the July and
August average (R= 0.56, p = 0.01), and a marginally significant negative correlation is found for the month
of July alone (R = 0.38, p = 0.10). These months correspond to the period of strong ventilation within the
Southern Ocean when APO is descending to its wintertime minimum, which typically occurs in
September. A similar negative correlation is found between APO and SAM at Cape Grim (R = 0.55, p =
0.01) for July and August (Figure S4) and at South Pole (R = 0.58, p = 0.01), where the correlation is evident
only in August (Figure S5). We also find positive correlations between the CO2 anomaly and the SAM index
at Palmer Station for August (R= 0.45, p = 0.05) and for the July and August average (R= 0.39, p= 0.10). At
South Pole we find a positive correlation between the CO2 anomaly and SAM in August (R = 0.38, p = 0.07),
but we find no significant correlations between CO2 and SAM at Cape Grim (Figures S4 and S5).

The correlations at Palmer Station are similar but strengthened when a longer filter (e.g., a 25‐ or 37‐month
centered running mean) is used to remove low‐frequency variability from the APO and CO2 time series.
However, a 13‐month centered running mean is used as the default to preserve as long a time series as

10.1029/2019GL085667Geophysical Research Letters

NEVISON ET AL. 4 of 9

https://www.bgc-jena.mpg.de/CarboScope/
https://www.bgc-jena.mpg.de/CarboScope/
https://code.zmaw.de/projects/cdo
https://www.ncl.ucar.edu/


possible for the comparison to SAM, since the running mean truncates the time series at both ends by half
the filter length. The correlations are also similar when a 2‐month or 6‐month (rather than the default
4‐month) smoothing routine is applied to the SAM anomalies but weaken substantially using an 8‐month
or longer smoothing interval. The lagged analysis suggests that the correlations between APO and
SAM are strongest when centered directly on August but are still significant when the (4‐month
smoothed) SAM index is lagged by ±2 months. In contrast, the correlation with August atmospheric CO2

is strongest when the SAM index is lagged 1 and 2 months prior (i.e., to June or July [R = 0.52]) rather
than centered on August (R = 0.45). August CO2 is not significantly correlated to SAM indices lagged
later than August.

In the Jena inversion, the fAPO product is negatively correlated with SAM (R = 0.62, p = 0.005), when aver-
aged over 40–60°S during July and August, a time when fAPO is at its maximum negative value (maximum
invasion of O2) (Figure 2, top panel). The fAPO versus SAM correlation is evident in both months, although
slightly stronger in July (R = 0.57, p = 0.01) than August (R = 0.48, p = 0.04) (Figure 2, lower left panels).

The CESMmodel results show a similar negative correlation between SAM and the air‐sea O2 flux (Figure 2,
middle and lower right panels), although the correlation occurs only for July (R = 0.64, p = 0.001), not
August. The zonally averaged CESM air‐sea CO2 flux is not correlated to SAM in austral winter, although
it appears weakly correlated in October (R = 0.39, p = 0.09). An analysis of the spatial structure of the
July CESM fO2 versus SAM correlation shows that the strongest correlations are centered in the Pacific sec-
tor of the Southern Ocean between about 100°W and 150°W and in the Indian sector between 60°E and 150°
E (Figure 3, left panel). A similar correlation in these regions is apparent in July between SAM and the
CESM ideal age of water (IAGE) tracer at a depth of 45m, where IAGE is the number of years since the water
parcel was last in contact with the surface (Figure 3, right panel).

Figure 1. Top panels: detrended APO (black) and CO2 (blue) observed at Palmer Station, Antarctica, with July and
August filled in as solid symbols. Middle panels: time series illustrating the negative correlation between SAM and win-
tertime (mean July and August) APO anomalies. Gray bands denote periods when the July and August 4‐month smoothed
SAM index is >0.5. Bottom panels: monthly scatterplots of APO anomalies versus SAM (left) and atmospheric CO2
anomalies versus SAM (right), plotted for each of July and August. The anomalies are plotted with a shaded gray scale,
where dark colors indicate the most recent years and light colors indicate the oldest years in the record.
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Coherent relationships for July using CESM output were also observed between SAM and piston velocity
(K), mixed layer depth (Figure S6), SST, heat flux, and sea‐level pressure (not shown). K shows the most
widespread positive correlations with SAM especially throughout the Pacific Ocean and Indian Ocean sec-
tors of the Southern Ocean (Figure S6). A separation analysis indicates that variability in K dominates the
zonally averaged (40–60°S) fO2 versus SAM signal, contributing about 65% of the observed signal as com-
pared with about 35% for the (O2 − O2sat) term. However, within the Pacific patch where the strongest cor-
relation between fO2 and SAM is observed, the (O2 − O2sat) term contributes up to 80% of the observed
variability (Figure S7). The residual term in equation (2) is generally small in the separation analysis,
accounting for about 3% of the observed variability.

4. Discussion

Our study uniquely links variability in APO observed at Southern Hemisphere surface stations to SAM.
While previous studies have hypothesized coherent variability between SAM and air‐sea trace gas fluxes,
these studies have relied heavily on models and focused on CO2 (e.g., Le Quéré et al., 2007; Lovenduski
et al., 2007). However, atmospheric CO2, unlike APO, has strong influences from the land biosphere in
the Southern Hemisphere (figure 16 in Heimann et al., 1989). In the current analysis, we show that three
multidecadal APO records from stations in the middle and high southern latitudes are correlated with
SAM in austral winter, the season when variability in APO mainly reflects ventilation of O2‐depleted
deep waters.

We also observe austral winter variability in atmospheric CO2 that is consistent with enhanced ventilation of
CO2‐enriched deep waters during positive SAM. However, these correlations are weak compared to the APO

Figure 2. Top panels: time series illustrating the correlation between positive SAM and wintertime fAPO from the Jena
inversion product zonally integrated from 40–60°S and averaged over July and August. Middle panels: time series illus-
trating the correlation between SAM and the July air‐sea O2 flux from the forced CESM run zonally integrated from 40–
60°S. Gray bands denote periods when the 4‐month smoothed SAM index is >0.5. Bottom panels: monthly scatterplots of
Jena fAPO anomalies versus SAM (left) and CESM fO2 anomalies versus SAM (right), plotted for each of July and August.
The anomalies are plotted with a shaded gray scale, where dark colors indicate the most recent years and light colors
indicate the oldest years in the record.
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versus SAM correlations and are evident mainly at Palmer Station and South Pole but not Cape Grim. Our
CO2 results are consistent with previous work by Butler et al. (2007), who noted a weak correlation between
SAM and atmospheric CO2 at Palmer Station, and by Lindsay (2016), who found a marginally significant
relationship between 14CO2atm and SAM based on a near decade‐long record from the Drake Passage. In that
study, negative 14CO2atm associated with upwelling of 14C‐depleted deep waters was correlated to positive
SAM anomalies. The observed differences in the strength and coherence of the APO correlation with
SAM versus the CO2 correlation with SAM are expected, due to the slower response of the carbonate system
to air‐sea gas exchange relative to the more rapid air‐sea exchange of dissolved O2.

In theory, a correlation between SAM and APO at Palmer, South Pole, or Cape Grim could arise either due to
variations in air‐sea APO flux tied to SAM or due to SAM‐related changes in atmospheric circulation,
bringing air of different origins to each station. Evidence that the APO variations are at least partly driven
by air‐sea APO flux is found in the atmospheric APO inversion, which accounts in principle for the circula-
tion influence and still yields fAPO estimates that are negatively correlated with SAM during peak invasion
of O2 in austral winter (Figure 2).

The relationship with SAM detected in fO2 from a CESM hindcast simulation provides mechanistic insight
into the atmospheric data and the inversion results described above. First, it is noteworthy that both the
CESM fO2 and Jena fAPO versus SAM correlations are strongest 0.5–1 month earlier than the APO versus
SAM correlations, which is consistent with a time lag associated with transport of the atmospheric signal
to the sampling station. In CESM, we find that SAM influences fO2 through both K, which is dependent
on wind speed, and through upwelling of O2‐depleted deep waters. The CESM hindcast tracer of water mass
age, IAGE, provides further evidence that mixing of older water to the surface occurs during intervals of posi-
tive SAM, consistent with enhanced ventilation.

A spatial analysis of the CESM hindcast fO2 and IAGE tracers (Figure 3), as well as of other parameters tied
to wind speed and upwelling (Figures S6 and S7), suggests substantial regional differences. In CESM, the
imprint of O2‐depleted deep waters during periods of positive SAM is most evident in subregions of the
Pacific and Indian sectors of the Southern Ocean (Figure 3). Interestingly, recent analyses of the relationship
between SAM and pCO2 (Keppler & Landschützer, 2019) and between SAM and mixed layer depth (Sallée
et al., 2012) found a similar regional asymmetry in the ocean's response to SAM, with the strongest response
concentrated in the Pacific sector of the Southern Ocean.

Figure 3. Spatially resolved correlation coefficients (left panels) for July anomalies fromCESM regressed against the SAM
index. Left panel: air‐sea O2 flux versus SAM. Right panel: ideal age at 45 m (in the winter mixed layer) versus SAM. Note
that the sign of the ideal age correlation coefficient is reversed to facilitate comparison with the fO2 correlation coefficient.
In both panels, white areas are covered by sea ice in July.
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The APO results are potentially relevant for recent studies that have documented previously unrecognized
strong interannual and decadal variability in ocean pCO2 and air‐sea CO2 flux in the Southern Ocean
(e.g., Verdy et al., 2007; Landschützer et al., 2015). These studies have suggested that this variability may
be related to climate modes other than SAM, since the variability is regionally heterogeneous in ways that
are not well described by SAM (e.g., Keppler & Landschützer, 2019). Our results provide observational
confirmation of the mechanism indicated by earlier model‐based studies; that is, that enhanced upwelling
during years of positive SAM influences the air‐sea flux of dissolved ocean tracers like CO2 and O2 that have
strong depth gradients. However, our spatially resolved CESM results also support themore recent studies in
suggesting a highly heterogeneous regional response to SAM. Furthermore, our APO and air‐sea O2 flux
correlations with SAM are stronger than those involving CO2, which could reflect the damping influence
of carbonate chemistry or could also indicate a more complex relationship between CO2 and SAM.

5. Conclusions

Multidecadal APO records from long‐term monitoring sites at Palmer Station, Antarctica, Cape Grim,
Tasmania, and South Pole, Antarctica, are negatively correlated with SAM in austral winter months.
Results from the Jena APO inversion indicate that this correlation is partly the result of large‐scale var-
iations in fAPO, which is dominated by the air‐sea flux of O2. The CESM ocean model reproduces the
austral winter correlation between air‐sea O2 fluxes and SAM and offers the mechanistic insight that
the influences of SAM on the piston velocity and on surface O2 saturation state are both important con-
tributors to the correlation.
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